On the other hand, insulin resistance is a systemic phenomenon associated with intra-abdominal fat accumulation (4) . Several defects impairing insulin action have been identified. Of these, such adipocytokines as adiponectin, leptin and tumor necrosis factor-a (TNFa) are over-or under-expressed in adipose tissue and are believed to be important mediators of insulin resistance in obese subjects (5) . Leptin secreted by adipocytes acts to decrease body weight and adiposity (6) . Serum levels of leptin correlate well with body mass index in rodents (7) and humans (8) . Leptin secretion may result in obesity and nutritional abnormalities, including hyperinsulinemia. TNF-a has been associated with the acute phase response produced by macrophages in response to endotoxemia, inflammation, and cancer (9) . TNF-a has multiple actions in adi-pose tissue, including inhibition of insulin-stimulated glucose uptake in adipocytes (10) . Regulation of the TNF-a protein and genes could affect adipocyte insulin sensitivity and lipid accumulation (11) . Adiponectin, however, unlike other adipocytokines, is decreased by adiposity (12, 13) and increases after weight reduction (14) . In a nested case-control study in Pima Indians, high plasma adiponectin concentrations strongly predicted a lower incidence rate for type 2 diabetes independent of obesity (15) . These adipocytokines secreted from adipocytes strongly influence insulin resistance, consequently resulting in glucose intolerance.
We have suggested that D-psicose is partly absorbable in the digestive tract (16) and a 5% D-psicose supplement is enough to suppress hepatic lipogenic enzyme activity and reduce intra-abdominal fat accumulation compared to D-glucose or D-fructose in rats (17, 18) . If dietary D-psicose influences serum adipocytokines, Dpsicose may be a new functional monosaccharide with anti-diabetic action. Many studies have described an animal model of insulin resistance produced by high-fat and high-sucrose diets (19, 20) . In this study, we investigated effects of supplemental D-psicose on glucose tolerance and secretion of adipocytokines in rats fed a high-fat or a low-fat diet.
Experimental
All procedures involving animals were approved by the Experimental Animal Care Committee of Kagawa University.
1 Animals and Diets
Twenty-four male Wistar rats (3-week-old) obtained from Japan SLC (Shizuoka, Japan) were fed CE-2, a commercial rodent diet (CLEA, Tokyo, Japan) and water ad libitum until 4 weeks old. Rats were fed a synthetic high-fat (HF, 25% fat) or low-fat (LF, 5% fat) diet including 5% D-psicose (P) or cellulose (C) as following ingredients, in grams per kilogram: casein, 255; DL-methionine, 4.0; sucrose, 120; soybean oil, 50; mineral mixture, 45; vitamin mixture 13; choline chloride, 2.5; butylhydroxytoluene, 0.01; cornstarch, 260.5 (HF) or 460.5 (LF); Beef tallow, 200 (HF) or 0 (LF); test carbohydrate (P or C), 50. As cellulose was used as a control for the zero energy carbohydrate, HF-P and LF-P diets contained little fiber. Cellulose and sucrose were purchased from Wako Pure Chemical Industries (Osaka, Japan). D-Psicose was prepared from D-fructose by immobilized D-tagatose 3-epimerase (2) . The vitamin and mineral mixtures based on AIN-76A mixture were used.
Experimental Design
Rats were individually caged at 24 1 , with light from 08:00 to 20:00 h. Each group of rats (n=6 per group) were given free access to the HF-P, HF-C, LF-P or LF-C diet and water for 16 weeks. At 8 weeks and 16 weeks during experimental period, rats in each dietary group were orally administered 4 ml/kg body weight of a 50% glucose solution at 09:00 h after overnight fasting (12 h ). Blood samples were obtained from a tail artery at 0, 30, 60, 90, and 120 min after glucose administration. They were transferred to the tubes coated with heparin and NaF. After 16 weeks of the experimental diet, the rats were fasted 6 h and killed by decapitation. Liver, heart, skeletal muscles (soleus, gastrocnemius, plantaris), intra-abdominal adipose tissues (perirenal, epididymal, mesenteric), and a piece (about 0.5 g) of abdominal subcutaneous adipose tissue were quickly removed and stored at 80 until analysis. Carcass samples obtained by removing the head, intra-pectral and intra-abdominal tissues were stored at 20 until analysis of carcass composition.
3 Analyses
Concentration of plasma glucose and serum triacylglycerol were determined by methods reported previously (21, 22) . Serum insulin and free fatty acid concentrations were determined using kits (Rat Insulin EIA System (Amersham Bioscience Inc., Tokyo, Japan), Triglyceride E-Test (Wako Pure Chemical Industries, Osaka, Japan). Liver total lipid was extracted by the method of Folch et al. (23) and liver triacylglycerol was measured by the method of Fletcher (22) . Liver and soleus glycogen contents were determined according Lo et al. (24) . Carcass fat and protein, and tissue protein were analyzed using the method reported by Mickelsen and Anderson (25) . Serum adiponectin, leptin and TNF-a were measured by kits (Rat adiponectin ELISA kit (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan), Rat Leptin ELISA Kit (Wako Pure Chemical Industries, Osaka, Japan), Rat TNF-alpha ELISA (Bender MedSystems, San Bruno, CA)). 
Results

1 Oral Glucose Tolerance Test
Plasma glucose and serum insulin concentrations after oral glucose administration were shown in Fig. 1 . Plasma glucose and insulin levels did not differ among the groups at either 8 or 16 weeks. Plasma glucose concentrations were higher and serum insulin concentrations were lower at 16 weeks than 8 weeks in all groups (Fig. 1) .
2 Body Weight, Tissue Weights and Carcass Composition
Final body weight and weight gain did not differ among the groups ( Table 1) . Energy intake and energy efficiency (weight gain/total energy intake) were also the same for all groups ( Table 1) . LF diet and D-psicose supplementation significantly increased liver weight ( Table 2) . Liver weight was significantly higher in the LF groups than in the HF groups whether 5% Dpsicose or cellulose supplementation ( Table 1) . Intraabdominal adipose tissue weight and carcass fat content was higher in the LF groups than in the HF groups, but the differences were not significant ( Table 2 ). The HF-P and LF-P diets increased liver glycogen more than HF-C and LF-C, respectively, but the differences were not significant ( Table 2) . Liver triacylglycerol content was higher and liver protein content was lower in the LF groups than in the HF groups ( Table 2) . D-Psicose diet increased liver protein content over the cellulose diet ( Table 2) . Soleus glycogen content was not different among the groups ( Table 2) .
4 Serum Concentrations of Glucose,
Insulin, Triacylglycerol , Free Fatty Acids and Adipocytokines Serum glucose, insulin, triacylglycerol and free fatty acid concentrations were not different among the groups (Table 3) . Adiponectin, leptin and TNF-a levels in the serum were the same for all groups ( Table 3) .
Discussion
The present study demonstrated that 16 weeks of Dpsicose supplementation affects neither glucose tolerance nor concentrations of adipocytokines in serum in rats fed the HF diet or LF diet. Intra-abdominal adipose tissue weight and carcass fat content were not decreased by the diets with D-psicose supplementation. Intra-abdominal fat accumulation is more closely associated with non-insulin dependent diabetes mellitus, hyperlipidemia, and cardiovascular disease (26) . A close correlation between intra-abdominal fat accumulation and abnormal lipoprotein metabolism has been reported in obese subjects (27) . Furthermore, it was reported that intra-abdominal fat accumulation is associated with metabolic disorders and cardiovascular disease in normal weight subjects (28) . Thus, up-or down-regulation of adipocytokines is over-or underexpressed in adipose tissues (29) . Since serum adipocytokines are secreted from adipose tissues, it is pertinent that D-psicose influenced neither adipose tissue weights nor serum levels of adipocytokines. We previously demonstrated that D-psicose provides no energy in rats (3), and that intra-abdominal adipose tissue weight was not different between the diets with 5% D-psicose and cellulose after 28 days (17) . Moreover, we previously reported that 5% D-psicose supplementation did not alter gene expression of uncoupling protein-1 and b 3 -adrenergic receptor in the brown adipose tissue, which is main tissue of diet-induced thermogenesis (30) . From these points of view, it was suggested that D-psicose has no nutritional effects on body fat accumulation or secretion of adipocytokines, except that the available energy of D-psicose is zero.
In this study, liver weight was significantly higher in the HF-P and LF-P groups than in the HF-C and LF-C groups. Liver glycogen and protein contents were higher in the rats fed diets with D-psicose. Bar (31) tagatose and D-psicose increase liver glycogen deposition and liver weight remain unknown. However, the following pathway is supported by the results of many studies (34) (35) (36) . Three ketohexoses appear to stimulate the formation of glycogen from glucose. Two potential mechanisms may account for this effect. The first involves the enzymes that control glycogen synthesis (i.e., glycogen synthase) and glycogen degradation (i.e., phosphorylase) (34) . The second mechanism is the phosphorylation of glucose to glucose-6-phosphate by glucokinase, i.e., the rate-limiting step in glucose utilization in the liver. Both mechanisms may operate at the same time. In the liver, glucokinase catalyzes the phosphorylation of glucose to glucose-6-phosphate. In experiments with isolated hepatocytes, D-fructose and D-tagatose were found to stimulate the glucokinase reaction at a concentration of 0.1 mM (35, 36) . The authors ascribed this enzyme activation either to D-fructose-1-phosphate (or D-tagatose-1-phosphate) acting on a glucokinase-regulatory protein complex (37, 38) .
Regardless of the precise mechanism involved, the increased glucokinase activity leads to faster phospharylation of glucose to glucose-6-phosphate, which is an activator of glycogen synthase as well as the precursor for glycogen formation. Taken together, it appears that D-psicose as well as D-tagatose promotes hepatic glycogen synthesis by activating glucokinase. It is well established that feeding high-fat diets to rats results in an insulin-resistant state characterized by hyperinsulinemia and decreased glucose utilization (39, 40) . Storlien et al. (39) have shown by in vivo insulin clamp experiments that high-fat feeding decreases (29-61%) glucose uptake into muscles, especially those with high oxidative capacity. A number of studies have confirmed this observation using in vitro incubated muscle (41, 42) . On the other hand, high-sucrose diets also cause insulin resistance in rats (39) . In this study, glucose tolerance was not different between HF groups and LF groups. The HF and LF diets consisted 12% sucrose (a high-sucrose diet), which may explain the results of the glucose tolerance test. The effect of highsucrose diets on glucose metabolism may be greater than that of high-fat diets.
Conclusion
Sixteen weeks of D-psicose supplementation had no effect on glucose tolerance or on concentrations of adipocytokines in serum in rats fed the HF or LF diet. These results suggest that supplemental D-psicose has no anti-diabetic effect. However, the D-psicose diet increased liver weight and glycogen content. Therefore, D-Psicose supplementation may be useful for glycogen loading in athletes, though a detailed study is required to clarify the mechanism.
